Introduction
============

Colorectal cancer (CRC) is one of the most common malignancies of the digestive system and has a worldwide incidence of \>1.3 million cases/year ([@b1-ol-0-0-10741]). Previous studies demonstrated that \~25% of patients were diagnosed at an advanced stage of the disease, and \~50% of patients suffered from liver metastasis, which significantly increased the mortality rates for CRC ([@b2-ol-0-0-10741]). This highlights the need to identify effective therapeutic agents to treat this malignant disease.

In the past decades, 5-fluorouracil (5-FU) has been a mainstay of CRC treatment, and several clinical trials have revealed that chemotherapy regimens consisting of 5-FU in combination with other cytotoxic agents, such as irinotecan and oxaliplatin, significantly improved the survival of patients with advanced CRC ([@b3-ol-0-0-10741]--[@b5-ol-0-0-10741]). However, 5-FU-based chemotherapy is not always effective and the disease may progress, due to the development of chemo-resistance ([@b6-ol-0-0-10741]). Therefore, it may be beneficial to personalize treatment based on the individual molecular characteristics of the tumor. Development of novel targets to increase the sensitivity of tumors to 5-FU may enhance the cytotoxic effects of 5-FU on tumor cells and decrease the adverse effects of chemotherapy on the immune system. Furthermore, the reduction in treatment costs would have economic benefits.

It has been demonstrated that microRNAs (miRNAs/miRs) play a vital role in the regulation of genes exerting antitumor effects, including genes driving cell apoptosis, inhibiting cell proliferation and regulating drug efflux mechanisms ([@b7-ol-0-0-10741],[@b8-ol-0-0-10741]). miRNAs are a class of small, endogenous, non-coding, regulatory RNA molecules. These small RNAs are 18--24 nucleotides in length and are involved in the regulation of the expression of two-thirds of all human genes through binding to mRNA 3′-untranslated regions (3′UTRs) ([@b9-ol-0-0-10741]--[@b11-ol-0-0-10741]). It was previously demonstrated that miRNA-mediated gene regulation is an important process in the occurrence, pathogenesis and progression of several diseases, including gastrointestinal cancer, immune-related diseases and neurodegenerative diseases ([@b10-ol-0-0-10741]). miRNAs may act as oncogenes or tumor suppressors in tumor occurrence and development. miRNAs may act as oncogenes, referred to as 'oncomirs', by inhibiting the effect of tumor suppressor genes or regulating cell apoptosis, promoting the occurrence and development of tumors ([@b8-ol-0-0-10741]). The identification of miRNAs implicated in the response to antitumor therapy has revealed novel therapeutic approaches to reverse drug resistance ([@b8-ol-0-0-10741]). For example, overexpression of miR-216b sensitized non-small cell lung cancer cells to cisplatin-induced apoptosis ([@b12-ol-0-0-10741]). miR-30a overexpression inhibited chemoresistance-associated autophagy in gastric cancer cells ([@b13-ol-0-0-10741]). Furthermore, overexpression of miR-22 increased the sensitivity of osteosarcoma cells to cisplatin treatment ([@b14-ol-0-0-10741]). Although several studies have reported that miRNAs can regulate chemosenstivity of CRC cells ([@b7-ol-0-0-10741],[@b10-ol-0-0-10741],[@b15-ol-0-0-10741]--[@b19-ol-0-0-10741]), the molecular mechanism(s) underlying the role of miRNAs in the chemoresistance of CRC has not been fully elucidated.

The present study aimed to identify candidate miRNAs that regulate the susceptibility of CRC cells to 5-FU treatment. Additionally, the downstream targets of the candidate miRNAs associated with the 5-FU response were also investigated. The results obtained in the present study may provide a novel therapeutic strategy to overcome 5-FU resistance in CRC.

Materials and methods
=====================

### Cell culture and materials

CRC HCT116 and HT29 cell lines were purchased from the Type Culture Collection of the Chinese Academy of Sciences. Cells were grown in high glucose Dulbecco\'s Modified Eagle Medium (DMEM) (Thermo Fisher Scientific, Inc.) containing 10% fetal bovine serum (Thermo Fisher Scientific, Inc.) and 1% penicillin/streptomycin at 37°C in a humidified atmosphere containing 5% CO~2~. The 5-FU-resistant colorectal carcinoma cell lines HCT116-Res and HT29-Res were established as previously described ([@b20-ol-0-0-10741]). Briefly, the CRC cells were treated with 1 µg/ml of 5-FU (Sigma-Aldrich; Merck KGaA) at 37°C with 5% CO~2~ for 24 h. The spent medium was replaced by fresh culture medium, including DMEM containing 5% fetal bovine serum and 1% penicillin/streptomycin. Upon reaching a confluence of 90%, cells were treated with 2.5 µg/ml 5-FU at 37°C with 5% CO~2~ for 24 h. This process was repeated using 5 and 10 µg/ml 5-FU. The 5-FU-resistant cell lines HCT116-Res and HT29-Res were therefore established by exposure to gradually increasing concentrations of 5-FU (1, 2.5, 5 and 10 µg/ml).

### Cell viability

Cell viability was quantified with a Cell Counting Kit-8 assay (CCK-8; Dojindo Molecular Technologies, Inc.). Cells were plated into 96-well plates at a density of 3×10^3^ cells/well with 100 µl DMEM containing 0, 5, 10 and 20 µg/ml of 5-Fu at 37°C with 5% CO~2~ for 48 h. Subsequently, 10 µl CCK-8 solution was added into each well, followed by incubation for 2 h at 37°C. The absorbance (A) was read at a wavelength of 450 nm using an absorbance microplate reader (BioTek Instruments, Inc.). The cell viability was expressed as the relative percentage compared with the mean absorbency of the untreated CRC cell lines (control cells). The cell viability percentage was calculated using the following equation: Relative cell viability (% of control)=\[(A~sample~-A~blank~)/(A~control~-A~blank~)\] ×100. The assay was repeated at least three times.

### Transfection of miRNA mimic and siRNA

The miR-361 mimic (sequence 5′-ACCCCUGGAGAUUCUGAUAAUU-3′), miR-361 mimic negative control (NC) (sequence 5′-UUCUCCGAACGUGUCACGUTT-3′), Forkhead box M1 (FOXM1) small interfering (si)RNA (siFOXM1 sequence: Sense: 5′-GGACCACUUUUCCCUACUUUDTDT-3′, antisense: 5′-AAAGUAGGGAAAGUGGUCCDTDT-3′) and siRNA NC (sequence 5′-UUCUCCGAACGUGUCACGUTT-3′, antisense: 5′-ACGUGACACGUUCGGAGAATT-3′) were designed and synthesized by Shanghai GenePharma Co., Ltd. A total of 2×10^5^ HCT116-Res and HT29-Res cells were seeded in 6-well plates. On reaching \~30% confluence, the cells were transfected with miR-361 mimic or miR NC (both 100 nM) using Lipofectamine^®^ 3000 (Invitrogen; Thermo Fisher Scientific, Inc.) according to the manufacturer\'s protocol. siFOXM1 or siRNA NC (both 100 nM) was transfected into HCT116-Res cells or HT29-Res cells by using Lipofectamine^®^ 3000, according to the manufacturer\'s protocol. RNA extraction and reverse-transcription quantitative PCR (RT-qPCR) experiments were conducted 24 h after transfection, and western blot analysis, colony formation, apoptosis and luciferase assays were carried out 48 h after the transfection.

### RNA extraction and RT-qPCR

Total RNA was isolated using TRIzol^®^ reagent (Invitrogen; Thermo Fisher Scientific, Inc.) according to the manufacturer\'s protocol. miRNA was obtained using an miRcute miRNA extraction kit (Tiangen Biotech Co. Ltd.). RNA and miRNA were reverse transcribed into cDNA using a GoScript™ RT reagent kit (Promega Corporation) according to the manufacturer\'s protocol. qPCR analysis was subsequently performed using SYBR^®^ Green Premix Ex Taq™ II (Takara Biotechnology Co., Ltd.) and an ABI Prism 7900 Sequence Detection system (Applied Biosystems; Thermo Fisher Scientific, Inc.). Literature review indicated that several miRNAs have been reported to be associated with chemoresistance ([@b7-ol-0-0-10741],[@b10-ol-0-0-10741],[@b15-ol-0-0-10741]--[@b19-ol-0-0-10741]), and were therefore utilized as candidate miRNAs in this study, and their role in 5-Fu resistance was confirmed. The expression of the miRNA candidates by qRCR were identified. The thermocycling conditions were as follow: 95°C for 30 sec, followed by 40 cycles at 95°C for 5 sec and 60°C for 30 sec and a final melt curve stage which was 95°C for 15 sec, 60°C for 1 min and 95°C for 15 sec. The following primer pairs were used for qPCR: FOXM1 forward, 5′-CGTCGGCCACTGATTCTCAAA-3′ and reverse, 5′-GGCAGGGGATCTCTTAGGTTC-3′; β-actin forward, 5′-AGAGCTACGAGCTGCCTGAC-3′ and reverse, 5′-AGCACTGTGTTGGCGTACAG-3′; U6 forward, 5′-CTCGCTTCGGCAGCACA-3′, and reverse, 5′-AACGCTTCACGAATTTGCGT-3′; miR-361-5p loop reverse primer, 5′-CTCAACTGGTGTCGTGGAGTCGGCAATTCAGTTGAGGTACCCC-3′, forward primer, 5′-ACACTCCAGCTGGGTTATCAGAATCTCCA-3′; miR-21 loop reverse primer, 5′-CTCAACTGGTGTCGTGGAGTCGGCAATTCAGTTGAGTCAACAT-3′, forward primer, 5′-ACACTCCAGCTGGGUAGCUUAUCAGACUG-3′; miR-224 loop reverse primer, 5′-CTCAACTGGTGTCGTGGAGTCGGCAATTCAGTTGAGCTAAACG-3′, forward primer, 5′-ACACTCCAGCTGGGUCAAGUCACUAGUGGUUC-3′; miR-134 loop reverse primer, 5′-CTCAACTGGTGTCGTGGAGTCGGCAATTCAGTTGAGTCTCCCC-3′, forward primer, 5′-ACACTCCAGCTGGGUGUGACUGGUUGACC-3′; miR-29a loop reverse primer, 5′-CTCAACTGGTGTCGTGGAGTCGGCAATTCAGTTGAGTAACCGA-3′, forward primer, 5′-ACACTCCAGCTGGGUAGCACCAUCUGAAA-3′; miR-29c loop reverse primer, 5′-CTCAACTGGTGTCGTGGAGTCGGCAATTCAGTTGAGTAACCGA-3′, forward primer, 5′-ACACTCCAGCTGGGUAGCACCAUUUGAAA-3′; miR-149 loop reverse primer, 5′-CTCAACTGGTGTCGTGGAGTCGGCAATTCAGTTGAGGGGAGTG-3′, forward primer, 5′-ACACTCCAGCTGGGUCUGGCUCCGUGUCUU-3′; miR-200c loop reverse primer, 5′-CTCAACTGGTGTCGTGGAGTCGGCAATTCAGTTGAGTCCATCA-3′, forward primer, 5′-ACACTCCAGCTGGGUAAUACUGCCGGGUAA-3′; miR-34a loop reverse primer, 5′-CTCAACTGGTGTCGTGGAGTCGGCAATTCAGTTGAGACAACCA-3′, forward primer, 5′-ACACTCCAGCTGGGUGGCAGUGUCUUAGC-3′ and the QPCR reverse primer for all miRNA candidates was 5′-TGGTGTCGTGGAGTCG-3′. β-actin and U6 were used for mRNA and miRNA normalization, respectively. Relative quantification of gene expression levels were expressed as fold-change using the 2^−ΔΔCq^ method ([@b21-ol-0-0-10741]). The relative fold change of miRNAs \>1.5 was considered as upregulated miRNAs, while \<-1.5 as downregulated miRNAs.

### Western blotting

Total protein of HCT116, HT29, HCT116-Res, HT29-Res cells was extracted using radioimmunoprecipitation assay buffer (Beyotime Institute of Biotechnology) and a protease inhibitor cocktail (Roche Diagnostics GmbH) according to the manufacturer\'s protocol. Total protein was quantified using a Pierce™ BCA Protein Assay kit (Thermo Fisher Scientific, Inc.). The cell lysate supernatant was mixed with 6X SDS loading buffer (Beyotime Institute of Biotechnology) and boiled at 100°C for 10 min. Subsequently, 30 µg protein/lane was separated via 10% SDS-PAGE and transferred onto PVDF membranes (Merck KGaA). The membrane was blocked for 1 h at room temperature using 5% non-fat milk dissolved in Tris buffered saline with 0.1% Tween (TBS-T). The membrane was incubated with the following primary antibodies overnight at 4°C: Anti-FOXM1 (1:1,000; cat. no. ab180710 Abcam) and β-actin (1:1,000; cat. no. AA132 Beyotime Institute of Biotechnology), Anti-ABCC5 (1:1,000; cat. no. ab180724; Abcam), Anti-ABCC10 (1:1,000; cat. no. ab91451; Abcam). Membranes were subsequently washed in TBS-T three times and incubated with horseradish peroxidase (HRP)-conjugated secondary antibodies (1:2,000; cat. no. A0208 for anti-rabbit and cat. no. A0216 for anti-mouse; Beyotime Institute of Biotechnology) for 1 h at room temperature. The protein bands were visualized using Millipore Immobilon Western Chemiluminescent HRP substrate (Thermo Fisher Scientific, Inc.) according to the manufacturer\'s protocol. Each reaction was performed in triplicate.

### Luciferase assay

Wild-type FOXM1-3′UTR containing a miR-361-5p targeted region or mutant-form 3′UTR was inserted into a pmirGlO Dual-luciferase miRNA Target Expression Vector (cat. no. E1330; Promega Corporation). The HCT116-Res or HT29-Res cells (2×10^5^) were seeded into 24-well plate to reached 70% confluence. Then HCT116-Res or HT29-Res cells were transfected with 2 µg Wild-type FOXM1-3′UTR or mutant-form 3′UTR and 100 nM miR-361-5p mimics using Lipofectamine^®^ 3000 (Invitrogen; Thermo Fisher Scientific, Inc.) Cells were analyzed for luciferase activity was measured 48 h following transfection using the Dual-Glo^®^ Luciferase Assay System (cat. no. E2920; Promega Corporation), according to the manufacturer\'s protocol. Firefly luciferase activity was normalized to *Renilla* luciferase activity.

### Colony formation assay

5-FU-resistant HCT116 or HT29 cells transfected with FOXM1 siRNA, miR-361 mimic or respective NCs were plated in 6-well plates (500 cells/well) and incubated at 37°C for 14 days to allow colony formation. The cell medium was subsequently removed and cells were washed using PBS. Cells were fixed with 4% paraformaldehyde for 10 min at room temperature. The cells were stained with crystal violet kit (cat. no. C0121; Beyotime Institute of Biotechnology) for 15 min at room temperature, according to the manufacturer\'s protocols. The colonies were washed, imaged by Sony camera (NEX-3N; SONY Corp.) and counted using ImageJ software.

### Apoptosis assay

Flow cytometry was performed to detect cell apoptosis by Annexin V and propidium iodide (PI) double staining. 5-FU resistant HCT116 and HT29 cells transfected with the miR-361 mimic and NC were harvested using non-EDTA trypsinase and stained with Annexin V-FITC kit (Miltenyi Biotec, Inc.), according to the manufacturer\'s protocol. Subsequently, stained cells were detected using a flow cytometer (FACSCanto II; BD Biosciences) and analyzed by BD FACSDiva 8.0.1 software (BD Biosciences). Additionally, a Caspase-Glo 3/7 kit (cat. no. G8090; Promega Corporation) was used to measure caspase 3/7 activity according to the manufacturer\'s protocols.

### miRNA targets prediction

[MicroRNA.org](MicroRNA.org) (<http://www.microrna.org>) is a comprehensive resource of microRNA target predictions and expression profiles ([@b22-ol-0-0-10741]). Target predictions are based on a development of the miRanda algorithm. The algorithm provided a machine learning method named mirSVR to rank microRNA target sites by a downregulation score. By using this online prediction software (August 2010 Release) ([@b23-ol-0-0-10741],[@b24-ol-0-0-10741]), it was found that miR-361 binds to the 3′UTR region of FOXM1 with highest mirSVR score among the predicted targets, and FOXM1 was therefore selected for further study.

### Statistical analysis

Statistical analysis was performed using GraphPad Prism software (version 6.0; GraphPad Software, Inc.). Data are presented as the mean ± standard deviation. Differences between treated and untreated control cells were assessed using the unpaired Student\'s t-test. The Bonferroni test was used to evaluate differences between multiple groups following two-way ANOVA analysis. All experiments were performed at least three times. P\<0.05 was used to indicate a statistically significant difference.

Results
=======

### Expression level of miR-361 is decreased in 5-FU-resistant HCT116 and HT29 cells

5-FU-resistant HCT116 and HT29 cells were successfully established in the current study using a methodology described in a previous study ([@b25-ol-0-0-10741]). The resistant and parental cells were treated with 5, 10 and 20 µg/ml 5-FU for 48 h. The viability of parental HCT116 and HT29 cells was significantly decreased compared with the resistant cells (P\<0.01; [Fig. 1A](#f1-ol-0-0-10741){ref-type="fig"}). The cell viability of resistant HCT116 and HT29 cells at 5 and 10 µg/ml of 5-FU was not significantly inhibited (P\>0.05); however, inhibition was observed in resistant cells in the presence of 20 µg/ml 5-FU (P\<0.01), suggesting that the resistant cells in the present study exhibited optimal survival in 5 and 10 µg/ml 5-FU.

To identify novel miRNAs associated with chemoresistance in CRC, the expression levels of several candidate miRNAs in parental and resistant HCT116 and HT29 cells were measured by qPCR ([Fig. 1B](#f1-ol-0-0-10741){ref-type="fig"}). miR-21, miR-224 and miR-200c were upregulated, whereas miR-34a, miR-361 miR-134 were downregulated in resistant cells compared with parental cells. Among these miRNAs, the expression level of miR-361 was the most markedly altered, with \~3.5-fold change in resistant HCT116 and HT29 cells compared with parental cells, suggesting that that miR-361 is a potential regulator of 5-FU chemosensitivity in CRC.

### Overexpression of miR-361 sensitizes resistant CRC cells to 5-FU, inhibits colony formation and induces apoptosis

To investigate whether miR-361 modulates sensitivity to 5-FU in CRC, parental and resistant cells were transfected with miR-361 mimic or NC, and exposed to 5 or 10 µg/ml 5-FU. Overexpression of miR-361 enhanced the susceptibility of parental HCT116 and HT29 cells to 5-FU and increased 5-FU sensitivity in resistant cells, suggesting that miR-361 may sensitize CRC cells to 5-FU ([Fig. 1C](#f1-ol-0-0-10741){ref-type="fig"}). Colony formation and apoptosis assays were subsequently performed to further investigate this effect.

Overexpression of miR-361 in resistant HCT116 and HT29 cells significantly reduced colony numbers at 5 or 10 µg/ml 5-FU, suggesting that miR-361 significantly impaired the ability of resistant cells to grow under 5-FU treatment ([Fig. 2A](#f2-ol-0-0-10741){ref-type="fig"}). Previous studies revealed that 5-FU-resistant CRC cells are able to survive under 5-FU treatment with decreased apoptosis compared with parental cells ([@b26-ol-0-0-10741]--[@b29-ol-0-0-10741]). The present study subsequently investigated whether the inhibited cell viability and colony formation of the resistant cells was caused by miR-361-induced apoptosis. Overexpression of miR-361 in resistant HCT116 and HT29 cells significantly increased caspase 3/7 activity compared with the NC, suggesting that apoptotic signaling pathways were activated ([Fig. 2B](#f2-ol-0-0-10741){ref-type="fig"}). Furthermore, an Annexin V/PI assay revealed that miR-361 overexpression induced apoptosis in resistant HCT116 and HT29 compared with the NC ([Fig. 3](#f3-ol-0-0-10741){ref-type="fig"}). Resistant HCT116 cells overexpressing miR-361 exhibited a higher percentage of early apoptotic cells compared with NC cells (26.4±1.4% vs. 2.9±0.4% at 5 µg/ml 5-FU, P\<0.001; 27.6±0.8% vs. 6.1±0.5% at 10 µg/ml 5-FU, P\<0.001) or a higher percentage of late apoptotic cells compared with NC cells (61.7±3.6% vs. 7.8±0.5% at 5 µg/ml 5-FU, P\<0.001; 63.4±4.9% vs. 9.1±1.1% at 10 µg/ml 5-FU, P\<0.001). Similarly, resistant HT29 cells overexpressing miR-361 exhibited a higher percentage of early apoptotic cells compared with NC cells (17.3±0.8% vs. 5.8±0.5% at 5 µg/ml 5-FU, P\<0.001; 15.3±1.5% vs. 8.9±0.6% at 10 µg/ml 5-FU, P\<0.001) or a higher percentage of late apoptotic cells compared with NC cells (21.3±3.2% vs. 6.7±0.7% at 5 µg/ml 5-FU, P\<0.001; 21.9±2.3% vs. 10.9±1.4% at 10 µg/ml 5-FU, P\<0.001).

### miR-361 is a negative regulator of FOXM1 expression in 5-FU-resistant cells

As miR-361 may serve an important role in the regulation of chemosensitivity in CRC cells, the present study investigated the potential targets of miR-361 in resistant cells. Despite the complex interactions between miRNAs and mRNAs, several algorithms are available for exploring such interactions. By using microRNA algorithms ([www.microrna.org](www.microrna.org)), FOXM1 was predicted as a potential target of miR-361 ([Fig. 4A](#f4-ol-0-0-10741){ref-type="fig"}). Furthermore, western blotting demonstrated that FOXM1 was upregulated in resistant cells compared with parental cells ([Fig. 4B](#f4-ol-0-0-10741){ref-type="fig"}). As miR-361 was previously revealed to be downregulated in resistant cells ([Fig. 1B](#f1-ol-0-0-10741){ref-type="fig"}), this suggested that FOXM1 may be a potential target of miR-361.

To further investigate the effects of miR-361 on FOXM1 expression in resistant HCT116 or HT29 cells, miR-361 was overexpressed in CRC cells ([Fig. 4C](#f4-ol-0-0-10741){ref-type="fig"}). FOXM1 mRNA and protein levels were significantly decreased following overexpression of miR-361 compared with NC cells, suggesting that FOXM1 may be a direct target of miR-361 in resistant cancer cells ([Fig. 4D and E](#f4-ol-0-0-10741){ref-type="fig"}). Luciferase reporter assays were performed to further investigate whether miR-361 regulates the expression of FOXM1 in resistant cells in a direct or indirect manner. miR-361 binding sites of FOXM1 were cloned into luciferase reporter plasmids to establish a wild type FOXM1 3′UTR reporter plasmid. Mutated miR-361 binding sites were cloned to establish a mutant FOXM1 3′UTR reporter plasmid. Resistant HCT116 and HT29 cells were transiently transfected with these reporter constructs along with the NC or the miR-361 mimic. Overexpression of miR-361 reduced the luciferase activity in cells transfected with the wild type FOXM1 3′UTR reporter plasmid; however, no decreased activity was observed in cells transfected the mutated FOXM1 3′UTR reporter plasmid ([Fig. 4F](#f4-ol-0-0-10741){ref-type="fig"}). Taken together, these data suggested that miR-361 suppressed FOXM1 expression through direct binding to the putative 3′UTR binding site of FOXM1 mRNA.

### Targeting FOXM1 improves the cytotoxicity of 5-FU in resistant CRC cells

The current study investigated whether changes in FOXM1 expression modulated the chemosensitivity of resistant CRC cells. Knockdown of FOXM1 in resistant HCT116 cells was achieved using FOXM1 siRNA ([Fig. 5A and B](#f5-ol-0-0-10741){ref-type="fig"}). The cells were subsequently subjected to colony formation and caspase 3/7 activity assays. FOXM1 knockdown inhibited colony formation compared with NC cells ([Fig. 5C](#f5-ol-0-0-10741){ref-type="fig"}). Furthermore, FOXM1 knockdown increased caspase 3/7 activity compared with NC cells ([Fig. 5D](#f5-ol-0-0-10741){ref-type="fig"}). Recent studies demonstrated that FOXM1 promotes chemoresistance by upregulating ATP binding cassette subfamily C (ABCC) 10 ([@b30-ol-0-0-10741]) and ABCC5 ([@b31-ol-0-0-10741]), which mediate drug efflux leading to acquired drug resistance. The present study investigated whether inhibition of FOXM1 expression affected ABCC10 and ABCC5 expression. Decreased FOXM1 expression resulted in a downregulation of ABCC10 and ABCC5 compared with the NC ([Fig. 5E](#f5-ol-0-0-10741){ref-type="fig"}). Furthermore, resistant HCT116 cells overexpressing miR-361 exhibited reduced expression of ABCC10 and ABCC5 compared with the NC ([Fig. 5E](#f5-ol-0-0-10741){ref-type="fig"}). Collectively, these data suggested that miR-361 exerted functions in CRC, at least in part, through inhibition of FOXM1, and its downstream targets ABCC10 and ABCC5 ([Fig. 5F](#f5-ol-0-0-10741){ref-type="fig"}).

Discussion
==========

CRC is a leading cause of mortality worldwide ([@b1-ol-0-0-10741]). Patients diagnosed at an early stage typically have a good prognosis; however, a number of patients present with liver metastasis at initial diagnosis, and the prognosis of such patients is usually poor ([@b2-ol-0-0-10741]). 5-FU-based chemotherapy is a commonly used treatment strategy for patients with advanced CRC. Chemoresistance is associated with the recurrence of CRC during clinical therapy with 5-FU ([@b3-ol-0-0-10741]--[@b6-ol-0-0-10741]). The molecular mechanisms underlying chemoresistance in CRC remain largely unknown. It was previously demonstrated that miRNAs regulate diverse biological processes in cancer cells and may serve an important role in chemosenstivity ([@b32-ol-0-0-10741]). The present study demonstrated that miR-361 is a novel regulator of chemosensitivity in CRC. Furthermore, modulation of miR-361 expression increased the chemosensitivity of resistant CRC cells. Additionally, the present study revealed that miR-361 functions as a chemosensitizer through the FOXM1-ABCC10/5 signaling pathway.

Numerous studies reported aberrant serum or tissue miRNA levels in patients with CRC, and these dysregulated expression profiles are often associated with aggressive clinical phenotypes, drug resistance or poor prognosis ([@b18-ol-0-0-10741],[@b33-ol-0-0-10741]). The current study established *in vitro* 5-FU-resistant CRC cells to identify 5-FU-associated miRNAs. Several candidate miRNAs, which may function as tumor suppressors or oncogenes, were identified. miR-21, miR-224 and miR-200c were upregulated, whereas miR-34a, miR-361 and miR-134 were downregulated in the resistant cells. Among these miRNAs, the expression levels of miR-361 were the most significantly changed. miR-361 is a tumor suppressor and inhibits cell proliferation and invasion of several types of cancer cells, such as gastric cancer, breast cancer and thyroid cancer ([@b34-ol-0-0-10741]--[@b36-ol-0-0-10741]). To the best of our knowledge, the present study is the first to demonstrate that miR-361 restores 5-FU sensitivity in resistant CRC cells, by inhibiting cell viability, colony formation and inducing cell apoptosis, suggesting that miR-361 may serve as a promising therapeutic target to enhance chemosensitivity to 5-FU in CRC.

It has been reported that miRNAs may serve as potential therapeutic agents due to their ability to regulate the expression of multiple target genes ([@b10-ol-0-0-10741]). While the identification of downstream targets of miRNAs regulating 5-FU sensitivity is challenging, the present study used bioinformatics prediction and several *in vitro* approaches to identify FOXM1 as an important direct target of miR-361. Previous studies reported that FOXM1 was frequently upregulated in colorectal cancer tissues and serves as a prognostic marker in CRC ([@b9-ol-0-0-10741],[@b37-ol-0-0-10741]). Moreover, overexpression of FOXM1 in CRC cells was shown to correlate with 5-FU resistance ([@b19-ol-0-0-10741],[@b30-ol-0-0-10741],[@b38-ol-0-0-10741]). Therefore, 5-FU-based chemotherapy may not be appropriate for patients with CRC with upregulated FOXM1 expression. Moreover, ABCC5 and ABCC10, revealed as downstream targets of FOXM1 in the present study, have been previously suggested as promising therapeutic agents in patients with resistant cancer, such as breast cancer and pancreatic cancer ([@b39-ol-0-0-10741]--[@b42-ol-0-0-10741]).

The present study had a number of limitations. The association between miR-361 expression and its target genes FOXM1, ABCC5 and ABCC10 was not evaluated in tissues from 5-FU resistance patients with CRC or animal models with 5-FU resistant xenograft. Future experiments to validate the interaction between miR-361 and its target genes in a large cohort of patients with CRC with complete chemoresponse information are required. Moreover, an miR-361-expressing xenograft animal model to investigate the regulatory effect of miR-361 on its target genes is required.

In summary, the current study investigated the association between miR-361 and FOXM1-ABCC5/10 in 5-FU resistance in CRC. miR-361 may regulate chemosensitivity to 5-FU by targeting FOXM1-ABCC5/10. miR-361-based therapy may serve as a potential strategy to enhance 5-FU sensitivity in patients with resistant CRC. Furthermore, the addition of FOXM1 or ABCC5/10 inhibitors to a chemotherapeutic regimen may substantially reduce the required 5-FU dosage in patients with CRC. The results obtained in the current study may provide novel targets for the treatment of patients with advanced or chemoresistant CRC.
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![miR-361 is upregulated in 5-FU-resistant HCT116 and HT29 cells. (A) Parental and 5-FU-resistant HCT116 and HT29 cells were treated with 5-FU at the indicated concentrations for 48 h and subjected to a CCK-8 assay. Cell viability was presented as the relative value normalized to the 0 µg/ml group (n=6; \*\*P\<0.01, parental vs. resistant cells; ^\#\#^P\<0.01, the viability of resistant cells at 20 µg/ml vs. 0 µg/ml). (B) Relative differential expression of candidate miRNAs between parental and 5-FU resistant HCT116 and HT29 cells (n=3; \*P\<0.05, \*\*P\<0.01, vs. parental cells). (C) Overexpression of miR-361 sensitizes parental and resistant HCT116 and HT29 to 5-FU. The parental and 5-FU-resistant HCT116 and HT29 cells were transfected with an miR-361 mimic or NC, exposed to 5-FU at the indicated concentrations for 48 h and subjected to a CCK-8 assay (n=6; \*\*P\<0.01). miR/miRNA, microRNA; 5-FU, 5-fluorouracil; CCK-8, Cell Counting Kit-8; NC, negative control; Res, resistant.](ol-18-04-4064-g00){#f1-ol-0-0-10741}

![miR-361 inhibits colony formation and activates caspase 3/7 in resistant HCT116 and HT29 cells. (A) Colony formation ability of resistant miR-361-overexpressing cells and NC cells (n=3; \*\*P\<0.01). (B) Caspase 3/7 activities of resistant miR-361 overexpressing cells and NC cells were measured via a caspase 3/7 Glo Luc assay (n=3; \*\*P\<0.01). miR, microRNA; NC, negative control; Res, resistant; 5-FU, 5-fluorouracil.](ol-18-04-4064-g01){#f2-ol-0-0-10741}

![miR-361 induces cell apoptosis in resistant HCT116 and HT29 cells. Annexin V staining of resistant miR-361-overexpressing (A) HCT116 and (B) HT29 cells. Q1: Dead cells, Q2: Late apoptotic cells, Q3: Living cells, Q4: Early apoptotic cells. The histogram indicated the percentage of early, late and total apoptotic cells with different concentrations of 5-FU. The total apoptotic cells include early and late apoptotic cells (n=3, \*\*P\<0.01 vs. NC cells). miR, microRNA; 5-FU, 5-fluorouracil; NC, negative control; Res, resistant.](ol-18-04-4064-g02){#f3-ol-0-0-10741}

![miR-361 is a direct regulator of FOXM1 in resistant colorectal cancer cells. (A) Schematic representation of the luciferase reporter constructs. The phosphoglycerate kinase promoter in the reporter construct drives the constitutive transcription of a chimeric mRNA containing the firefly luciferase coding sequence fused to the wide-type or mutated FOXM1 3′UTR. (B) FOXM1 expression in parental and 5-FU resistant colorectal cancer cells. (C) Expression levels of miR-361 in resistant HCT116 and HT29 cells transfected with miR-361 mimic or NC (n=3; \*\*P\<0.01 vs. NC cells). (D) mRNA and (E) protein levels of FOXM1 in resistant HCT116 and HT29 cells overexpressing miR-361 and NC (n=3; \*\*P\<0.01). (F) Relative activity of the luciferase gene fused with the wild-type or mutant FOXM1 3′UTR in resistant HCT116 and HT29 cells. Data were normalized to *Renilla* luciferase activity (n=3; \*\*P\<0.01) miR, microRNA; FOXM1, forkhead box M1; UTR, untranslated region; 5-FU, 5-fluorouracil; NC, negative control; Res, resistant; RLU%, Percentage of relative luminescence; WT, wild type; Mut, mutant.](ol-18-04-4064-g03){#f4-ol-0-0-10741}

![Inhibition of FOXM1 suppresses colony formation and induces apoptosis through downregulation of ABCC5/10. (A) mRNA and (B) protein levels of FOXM1 were downregulated by siRNA knockdown. (C) Knockdown of FOXM1 resulted in impaired colony formation (D) Knockdown of FOXM1 in resistant cells increased caspase 3/7 activity (n=3; \*\*P\<0.01). (E) Protein levels of ABCC5/10 in parental, resistant cells, miR-361-overexpressing and FOXM1 knockdown cells. (F) Reduced expression of miR-361 in colorectal cancer cells contributes to 5-FU chemoresistance by activating the FOXM1-ABCC5/10 signaling pathway. FOXM1, forkhead box M1; ABCC, ATP binding cassette subfamily C; si(RNA), small interfering (RNA); NC, negative control; miR, microRNA; 5-FU, 5-fluorouracil; Res, resistant.](ol-18-04-4064-g04){#f5-ol-0-0-10741}
